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Abstract

:

Aims: Indoor air quality (IAQ) has attracted increased attention with the emergence of COVID-19. Ventilation is perhaps the area in which the most changes have been proposed in response to the emergency caused by this virus. However, other strategies are possible, such as source control and the extraction of pollutants. The latter incorporates clean technologies, an emergent area with respect to IAQ. Method: Various air treatment technologies can be used to control contaminants, which are reviewed and discussed in this work, including physicochemical technologies (e.g., filtration, adsorption, UV-photocatalytic oxidation, ultraviolet disinfection and ionization) and biological technologies (e.g., plant purification methods and microalgae-based methods). Results and interpretation: This work reviews currently available solutions and technologies for “cleaning” indoor air, with a focus on their advantages and disadvantages. One of the most common problems in this area is the emission of pollutants that are sometimes more dangerous to human health than those that the technologies were developed to remove. Another aspect to consider is the limitation of each technology in relation to the type of pollutants that need to be removed. Each of the investigated technologies works well for a family of pollutants with similar characteristics, but it is not applicable to all pollutant types. Thus, the optimal solution may involve the use of a combination of technologies to extend the scope of application, in addition to the development of new materials, for example, through the use of nanotechnology.
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1. Introduction


Increasing urbanization and modern lifestyles have contributed to humans spending an increasing amount of time inside buildings (e.g., at home, in offices, theaters, restaurants, stores, etc.), where they are exposed to indoor air pollutants [1]. Owing to the associated link between air quality and health, the WHO has recognized air pollution as one of the greatest environmental threats to human health [2]. To date, a considerable emphasis has been placed on reducing individual exposure to indoor air pollutants, making it necessary to analyze indoor sources and the possibility of reducing emissions from such sources. Thus, indoor air quality (IAQ), in all spaces where humans live and work, has become an issue of utmost importance and a significant determinant of human health and well-being. Several scientific studies have shown a direct relationship between improved air quality and positive impacts on human health [3,4,5]. The impact of indoor air pollutants on human health can be experienced in both the short and long term. Poor air quality results in unwanted health conditions and, in the worst-case scenarios, can lead to death [6].



Although the atmospheric composition, in terms of its main constituents (oxygen and nitrogen), is essentially the same indoors and outdoors, the types and amounts of indoor air pollutants differ from those found outdoors. Indoor air may contain a variety of contaminants, including particulate matter, tobacco smoke, radon, biological contaminants (e.g., mold, bacteria, fungi, dust mites, spores and pollen) and more than 400 organic and inorganic chemical compounds, with associated health effects [7,8]. Additionally, indoor air pollutants can reach concentrations of up to 10 times their levels in outdoor air, regardless of the building location [8]. Such pollutants are emitted by indoor activities (e.g., cooking and cleaning), products or materials (e.g., in furnishings and structures), to which other contaminants are added from outdoors that can penetrate indoors [9].



The concentration of pollutants in indoor air depends not only on indoor materials and activities but also on external factors [10]. Regardless of the insulation degree, even in naturally ventilated or mechanically conditioned and ventilated spaces, the internal atmosphere is an extension of the external atmosphere, i.e., the outdoor air quality directly influences the indoor air quality [11]. Non-reactive pollutants, such as carbon monoxide (CO), can penetrate the indoor environment and add to the indoor CO from unvented gas burners, defective cooking and heating devices, fireplaces, tobacco smoke and vehicle gases from attached garages [1,12]. On the other hand, reactive pollutants, such as sulfur dioxide (SO2) and ozone (O3), typically originating outdoors, quickly deplete after entering the indoor environment [11]. Carbon dioxide is considered an indicator of air quality in non-industrial indoor environments, such as homes, schools and offices and it is related to the presence of humans indoors and to human metabolism. It is also an indicator of the presence of other pollutants [13]. Although CO2 at low concentrations has few or no toxicological effects on humans, at higher concentrations, it has direct health consequences. At concentrations higher than 5%, CO2 causes the development of hypercapnia and respiratory acidosis, and at concentrations higher than 10%, it may cause convulsions, coma and death [14].



Humans are mostly exposed to air pollutants indoors via numerous sources, such as outgassing from furniture, floors, wall coverings, paints, glues, waxes, polishes, cleaning products, personal care products, tobacco smoke, heating appliances, cooking activities, etc. The indoor concentration of air pollutants can be affected by outdoor pollutant levels, as well as by other factors, such as door and window openings, air exchange rates, house age and size, and building renovations [15]. Cleaning agents and personal care products are common sources of volatile organic compounds (VOCs) and semi-volatile organic compounds (SVOCs), which are partially oxidized and condensed and therefore turn into fine particles. New furniture commonly emits formaldehyde [16]. Gas appliances such as stoves, boilers, smokers and cookers are important sources of indoor NO, NO2, PM2.5 and polycyclic aromatic hydrocarbons (PAHs) [17]. Ultrafine particles with a diameter between 5.6 and 560 nm are commonly detected in indoor air [18]. However, PM10 and PM2.5 particles with a diameter of 10 and 2.5 µm or less, respectively, are more frequently detected indoors [18]. Laser printers emit ultra-fine particles, siloxanes and long-chained alkanes (C21–C45), and 3D printers are a source of nanoparticles [16]. The use of incense sticks and candles [19], toasting, frying, baking, open chimneys and older wood stoves are responsible for PM2.5-10 emissions [16]. Biological pollutants are essentially composed of mites, hair, bacteria, molds, fungi, spores, endotoxins, mycotoxins and other types of living organisms with highly variable and complex characteristics [8,18].



Ventilation to dilute the indoor air contaminants is among the most important passive methods to improve indoor air quality in most buildings [12,20]. Natural ventilation can be achieved simply by opening windows. In modern and well-insulated buildings, it is also common to find mechanical ventilation systems, such as heat recovery ventilation (HRV) and energy recovery ventilation (ERV) systems. These systems continuously remove stale indoor air and replace it with fresh air from outdoors. However, if the outdoor air is more polluted or in certain situations where ventilation is not possible, other methods and/or air purification systems are required [21].



1.1. Scope and Objectives


Possible methods for air purification (Figure 1), which are reviewed and discussed in this work, include the physicochemical technologies (e.g., filtration, adsorption, ionization, UV-photocatalytic oxidation, ultraviolet disinfection) and the biological technologies (e.g., plant purification methods and microalgae-based methods).



Generally, the conventional physicochemical technologies for capturing air pollutants, although effective in the short term, present some disadvantages in the longer term. Most of these methods cannot simultaneously remove all the major gaseous pollutants, some are unsafe due to the emission of ozone, all require regular and expensive maintenance, may have high energy consumption and generate secondary pollutants and waste, and have high installation costs. For example, filters and adsorbents are rapidly saturated and require regeneration or replacement to maintain the capture efficiency and prevent the growth of microorganisms in the organic matter retained in the filter material [10]. Air ionizers are limited due to low removal efficiency and production of harmful secondary products, such as O3, NOx, and VOC oxidation intermediates [22]. After 3 to 6 months of use, adsorbents suffer from VOC saturation [23]. In addition to the saturation effects, some systems present ozone generation, reducing their practical application for air cleaning [24]. In addition, the high capital and operating costs of some of these technologies make them inaccessible to most consumers.



On the other hand, to maintain an acceptable IAQ, biotechnological solutions can offer a realistic alternative to engineering solutions. Indeed, in many situations, biological processes are the most cost-effective technology for treating VOCs and odors at low concentrations, below about 5 g m−3 [25]. This is based on the ability of microorganisms to convert VOCs into CO2, water and biomass under ambient conditions of temperature and pressure. Biological methods typically generate fewer secondary pollutants and are less energy intensive, although some significant challenges remain. Thus, much of the scientific research developed recently is based on biological methods, highlighting nature-based solutions as promising alternatives [7,26]. These are based on existing solutions in nature to respond to human needs, following the principle of biomimetics [24], theorized in 1997 by Janine Benyus [27]. Numerous experimental studies have demonstrated the potential of the passive use of potted plants for a significant improvement in IAQ, with around 200 plant species tested so far for their VOC removal capacity, all with positive results. However, there has been little subsequent investigation to test the effectiveness of these potted plant passive systems in real environments and with extremely low airborne concentrations of VOCs [24].



A combination of different methods is also possible for better air purification efficiency. For example, promising results have been obtained with an air filtration system composed of plants and activated carbon [28]. Additionally, Salama and Zafar [29] determined the effectiveness of using nanotechnology, combined with plants, for the purification of ambient air, by using Saudi myrtle plants (Myrtus communis) treated with TiO2 nanoparticles. The results showed a significant reduction in the air pollutants concentration (from 10% to 98%), including formaldehyde, NO2, SO2, CO and total volatile organic compounds (TVOCs).



The review organized by Szczotko et al. [30] focused on reducing microbial air contamination by using selected types of indoor air purifiers, showing that according to a wide range of articles on the topic, the actual effectiveness of the selected air purifiers is significantly lower, when applied to real conditions, than the values declared by manufacturers in their marketing materials and technical specifications. This is undoubtedly a major disadvantage of air purifiers offered to consumers.



Indoor air cleaning technologies can play an important role in improving indoor air quality. However, their effective application requires an adequate technical and environmental analysis of the real conditions for their use, as well as a characterization of the main pollutants existing in a given indoor environment. It may be necessary to use different air cleaning technologies simultaneously to more effectively maintain good indoor air quality. Hence, this work reviews the key indoor air treatment technologies, their target pollutants, main advantages and limitations.




1.2. Method


This review focuses on various air treatment technologies that can be used to control different types of contaminants, which can be physical (particulate matter), chemical (VOCs, NO2, ammonia, etc.) or biological (bacteria, viruses, fungi, etc.). The technologies have been divided in two major groups: the physicochemical technologies and the biological technologies. Within the physicochemical technologies, this review covers filtration (mechanical and electronic), adsorption, UV photocatalytic oxidation, ultraviolet disinfection and ionization. In the case of biological technologies, plant purification methods and microalgae methods are covered.



This review presents some of the most relevant work in each technology, discussing the pros and cons of each one. Since it would not be possible to include all the studies published in recent years in this subject, a selection was made in order to give an overview of the diversity of research taking place around the world. Studies presenting a mix of technologies were also selected, as there is an increasing tendency to seek synergies between different methods in order to increase the range of pollutants covered. Studies with interesting technologies that can be applied in building materials, with the aim of degrading indoor air pollutants, were also reviewed and included in this article.





2. Physicochemical Technologies


2.1. Filtration


Two types of filtration technologies for air cleaning are commonly used to remove particles: mechanical filtration and electronic filtration; the latter also includes electronic air cleaners (e.g., ionizers and electrostatic precipitators).



2.1.1. Mechanical Filtration


Mechanical filtration is the most used air cleaning technology for particulate matter (PM) and it can be used even for removing respiratory droplets [31,32]. Mechanical filters use media with porous structures that contain fibers or stretched membrane material in a variety of fiber sizes, densities and media expansion configurations to remove particles from air streams. Some of the particles in the air that enter a filter bind to the medium and are removed from the air as it passes through the filter. Removal mainly occurs by impaction, interception and Brownian motion/diffusion, depending on the particle size. Some filters have a static electrical charge applied to the medium to increase particulate removal [33].



The main object of filtration is the removal of PM. There is a high variety of filter types, with a classification according to its efficiency to retain PM [34]. There are standards to classify filters, such as ISO 16890 [35], EN 1822 [36] in Europe and ANSI/ASHRAE 52.2 [37] in the USA. The ISO 16890 [35] classifies the filters used in general ventilation in four groups, based on the filter efficiency for a particle size: coarse, ePM10, ePM2.5 and ePM1. To belong to each category, a filter must be capable of capturing at least 50% of the particles in that size range. The filters that capture less than 50% of PM10 (particles with diameters that are generally 10 μm and smaller) will belong to the coarse dust group. Both parameters, percentage of filtration and size, are equally relevant. For example, if the filters ePM1 50% and ePM2.5 50% are compared, the first retains 50% of particles between 0.3 µm and 1 µm and the second 50% of particles between 0.3 µm and 10 µm. There are filters with high filtration efficiencies (EPA—Efficient Particulate Air, HEPA—High Efficient Particulate Air and ULPA—Ultra Low Penetration Air), which are used in environments that require a high degree of air asepsis, being classified by EN 1822 [36]. HEPA and ULPA filters can also be used for cleaning ultrafine or nanoparticles (<0.1 μm), such as bacteria and viruses that can even pass the membrane of our lung cells [38].



A very common particulate filter, mostly used in portable air cleaners, is the HEPA filter, which means that the single-pass efficiency of the filter media is ≥99.75% if the filter is classified as H13 and ≥99.97% for filters classified as H14. These filtration characteristics are set according to the efficiency of the 0.3 µm particles, which is the most penetrating particle size (MMPS).



These filters are normally part of a central heating and ventilation system, or part of air purification equipment, usually portable. In the first case, the filters act by filtering outdoor air, although they can filter indoor air if there is recirculation, and in the second case, the Portable Air Cleaners (PAC) exclusively purify indoor air, without air renovation. Real-time sensing has been applied to these devices to optimize their performance. These sensors monitor the ambient conditions online (temperature, humidity, concentrations of key pollutants) and activate the reduction units according to the needs of the occupants and their activities, with resulting energy savings [10]. However, PACs have different modes of operation in which the clean air flow provided is different (CADR—Clean Air Delivery Rate).



During the COVID-19 pandemic, PACs were recommended as a supplementary measure for ventilation or for those spaces in which natural or mechanical ventilation was not available, or was insufficient, in order to reduce the risk of transmission [39,40]. Experimental studies provided evidence for portable HEPA purifiers’ potential to eliminate airborne SARS-CoV-2 [41]. Then, an air cleaner can be installed to remove particles potentially carrying viral particles from indoor air.



The air cleaner’s effectiveness in reducing particles is defined by their CADR, typically expressed in m3 per hour. Ventilation is defined parametrically as Air Change Rate (ACR) with its unit Air Changes per Hour (ACH, h−1). The air change rate equivalent to the air cleaner’s CADR is determined as follows:



During the pandemic it was recommended that 5–6 air changes per hour in classrooms should be achieved with ventilation and/or using PAC [42]. Therefore, the clean air flow required for a room, CADR, provided by a PAC (or several) can be calculated from Equation (1).


ACR (cleaning) = CADR/Volume of air in the room



(1)







Portable air cleaners have been widely used in different studies in order to assess the removal of aerosols in indoor air.



Cox et al. [43] performed a study in a total of 46 homes (43 of the homes completed the entire 3-month study, and an additional 3 homes completed a portion (≤1-month)) to assess the effectiveness of a Portable Air Cleaner (PAC) with a HEPA filter in reducing indoor concentrations of traffic-related and other aerosols, including black carbon (BC), PM2.5, ultraviolet absorbing particulate matter (UVPM) (a marker of tobacco smoke), and fungal spores. The PAC selected was a Whirlpool Whispure (Model AP51030K, Austin, TX) with a HEPA filter designed to capture 99.97% of 0.3 μm particles and with a CADR between 360 and 576 m3/h (minimum to maximum speed). The CADR was selected according to the room size. The results showed that Portable Air Cleaners with HEPA filters could significantly reduce traffic-related and other aerosols in different residential environments, such as tobacco smoke, PM2.5 and fungal spores.



Dubey et al. [44] have studied the effectiveness in reducing the concentration of different sized particulate matter (PM) and ions of two types of air purifiers equipped with HEPA filters in general indoor air and the presence of an external source (candles and incense). The first air purifier (API) comprised an anti-dust filter, activated carbon filter, active HEPA filter, electrostatic filter, vita ions, cold catalyst filter with programmable control panel, sleep mode, timer function, independent air ducts and a CADR of 120 m3/h, while the second air purifier (APII) was equipped with six sense technology, a humidifier and a filter replacement indicator, along with filters viz. pre-dust filter, activated carbon filter, HEPA filter, nanocaptur filter; UV lamps, in addition to an ionizer function and a CADR of 150 m3/h. The results showed that both devices reduced PM levels that varied from 12 to 53% for API and 37–68% for APII, depending on the scenario studied. In addition, both air purifiers reduced ions concentration significantly, while the concentration of some of the ions increased after the application of the air purifier. The increase in the mass concentration of ions after the application of the air purifier may be due to that air purifiers release ions continuously to purify the air. Overall, the study recommends the use of air purifiers with mechanical filters (HEPA) instead of those that release ions for air purification.



Blocken et al. [45] assessed aerosol levels in a gymnasium, and demonstrated that the existing mechanical ventilation systems alone are not efficient to decrease the levels. An air cleaning device (AC) alone with ACH = 1.39 h−1 had a similar effect as ventilation alone. Simplified mathematical models were engaged to provide further insight into ventilation, AC and deposition. It was shown that combining the above-mentioned ventilation and AC can reduce aerosol particle concentrations with 80 to 90%, depending on aerosol size. It should be stressed that it remains imperative that ventilation should be maintained at (at least) the minimum flow rates required by building codes, because many ACs do not remove gasses such as CO2.



Lee et al. [46] assessed the effectiveness of aerosol filtration by portable air cleaning devices with HEPA filters used in addition to a standard building heating ventilation and air conditioning (HVAC) system. The test rooms, including a single-bed hospital room, were filled with test aerosols to simulate aerosol movement. Aerosol counts were measured over time with various portable air cleaning devices and room ventilation systems to quantify the overall aerosol clearance rate. It was found that PAC devices were very effective for the removal of aerosols. The aerosols were cleared five times faster in a small control room with PAC devices than in the room with HVAC alone. The single-bed hospital room (37 m3) had an excellent ventilation rate (ACH = 14) provided by the HVAC system and cleared the aerosols in 20 min. However, with the addition of two air cleaning devices (CADR = 1458 m3/h, ACH = 39 h−1), the clearance time was three times faster.



Finally, Cheek et al. [47] carried out a systematic literature review to examine the impacts of portable air purification on indoor air quality (PM2.5) and health, focusing on adults and children in indoor environments (homes, schools and offices). These authors [47] report positive long-term impacts with reduced PM2.5 concentrations. The current evidence demonstrates that using a PAC results in short-term reductions in PM2.5 in the indoor environment, which has the potential to offer health benefits.



It is consensual that filters can efficiently remove particles but are not effective for organic and inorganic chemical pollutants. A solution seems to be a combination of particulate filter and other air purification systems, or the development of filters with other properties, such as chemisorption. Regarding gas purification, the most effective and commonly used purification method is adsorption, with activated carbon filtration being the most prevalent approach due to their high surface area and high storage capacity, although other technologies are available [34,48].



Swamy [49] assessed the use of filters prepared with different percentages of NaOH doping on calcium silicate granules in order to reduce CO2 concentration levels. The results showed an over 40% reduction in CO2 concentrations with this purification system. Fresh air intake, to maintain the desired ventilation rates, has been reduced to over 50%, further reducing the heat load. Nanofibers can also be modified with adsorbent nanomaterials effective in the adsorption of VOCs [50]. Buyukada-Kesici et al. [51] have used cellulose nanocrystals and polyamide 6 to develop a porous electrospun material, which can adsorb around 50% of toluene in 45 min of trials, maintaining the same removal efficiency of conventional adsorbents in the form of powder or particles.



Protein-based nanofibers have also gained prominence in the air filtration field. The study performed by Kadam et al. [52] showed that Gelatin/β-CD composite nanofibers presented excellent adsorption of xylene (287 mg/g), benzene (242 mg/g) and formaldehyde (0.75 mg/g). The gelatin/β-CD biomaterial-based nanofibers filtered solid/liquid aerosols and gaseous pollutants simultaneously at a lower base weight with low air resistance.



Another interesting study was presented by Liu et al. [34], who developed a transparent polyacrylonitrile air filter to protect indoor air quality through natural passive ventilation windows. They obtained highly effective air filters, ~90% transparency, with a removal rate greater than 95% for PM2.5, under extremely hazardous PM2.5 concentrations (>250 μg m−3). Its material is an excellent alternative for perspective windows, especially in large urban centers.



The studies presented are a small portion of all studies around new materials and new combinations involving filtration. With the advent of nanotechnology, there is enormous research potential in this area.



Concerning usual filtration, the traditional fibrous filters have numerous advantages, such as high removal efficiency, low initial cost and simple structure [34].



The main disadvantages are high pressure drop, high maintenance costs and filter colonization [34]. Another negative point is that filters are not effective for pollutants other than PM. The filtration efficiency of general fiber filters is directly proportional to the air pressure drop. High pressure drop means additional energy consumption and increased operating costs. Filter maintenance is often neglected during a system operating period. Filters must be replaced or cleaned regularly, otherwise they could become sources of pollution. The longer the filter operating time, the greater the possibility of potential pollution, by re-emission of VOCs or dissemination of fungi or bacteria by aerosols diffusion [53].




2.1.2. Electronic Filtration


There are two types of electronic filters for particles removal: electrostatic precipitators and ion generator or ionizers. Electronic filters include a wide variety of electrically connected air-cleaning devices that are designed to remove particles from airstreams. Removal, typically occurs by electrically charging particles, using corona wires or through the generation of ions (e.g., using pin ionizers), and by collecting the particles on oppositely charged deposition plates (precipitators), or by the particles’ enhanced removal to a conventional media filter, or to room surfaces [33]. According to Bliss [54], the efficiency of electrostatic filters for a particle range of 0.3–6 µm is over 90%, while this value oscillates between 75 and 95% for ion generators. Some studies have found adverse health effects when using electrostatic precipitators such as the modification of cardiorespiratory function associated with the production of negative air ions, which may outweigh the potential benefits from PM reductions (e.g., Liu et al. [55]). In addition, the filters can become clogged over time, and so require regular cleaning. Generally speaking, electronic filters can generate hazardous charged particles [56] or new pollutants such as ozone, ultrafine particles and other compounds derived from VOCs ionization [57].





2.2. Adsorption


Adsorption consists of capturing air pollutants on the surface of an adsorbent material. It has been successfully applied for retaining both volatile organic compounds and inorganic pollutants on adsorbents, such as activated carbon, zeolites, silica gel, activated alumina, mineral clay and some polymers. The most commonly used are activated carbon and hydrophobic zeolites, due to their high surface area and adsorption capacity [18]. Activated carbon has high porosity and is a non-polar adsorbent. It can be produced from agricultural wastes such as sugarcane bagasse, apple pomace or coconut shell for more cost-effective pollutants removal [58]. Due to its microporous structure and large surface area, activated carbon is able to remove up to 100 mg m−3 of VOCs [59], although medium and high molecular weight volatiles are better adsorbed on activated carbon than low molecular weight volatiles.



Adsorbents can be easily incorporated into building materials and/or integrated into interior surfaces to remove air pollutants with no additional energy input and minimal byproduct formation; for this reason, they are classified as passive removal materials (PRMs). Passive removal materials enable ozone control, for example, in susceptible populations with health benefits, creating healthy indoor environments [60].



Hybrid technologies of adsorption combined with other methods have been proposed for pollutants removal from indoor air. For example, Jo and Yang [61] investigated the technical feasibility of an hybrid system composed of activated carbon and photocatalytic oxidation for controlling indoor air levels of BTEX (benzene, toluene, ethylbenzene, and xylenes) at low concentrations (of 0.1–1 ppmv). These authors [61] concluded that this hybrid system can enhance control efficiency of BTEX in indoor air levels with higher removal efficiencies (close to 100%) compared to using activated carbon alone (with removal efficiencies close to or higher than 90%), with a negligible addition to indoor CO levels from the photocatalytic oxidation process. However, some drawbacks of this technology include the decrease in removal efficiency with increasing relative humidity due to the capillary condensation of water vapor inside the activated carbon that blocks the adsorption sites. Additionally, the adsorption capacity of activated carbon decreases with increasing inlet concentrations. Furthermore, these authors [61] reported that a temperature of 300 °C is necessary to obtain significant desorption yields (75–95%) and the adsorbents need to be regularly replaced in order to avoid re-emission of already adsorbed compounds.



Ao and Lee [62] examined the effect of TiO2 immobilized on activated carbon under different humidity levels for the removal of air pollutants from indoor air at parts-per-billion (ppb) levels. In this research [62], NO (200 ppb), BTEX (20 ppb) and SO2 (200 ppb) were used as target pollutants. Different resident times and relative humidity levels were tested to investigate their mutual effect on TiO2 and TiO2 immobilized on activated carbon. The results showed that the effect of TiO2/AC is more significant with decreasing residence time and increasing levels of humidity. At a longer residence time, no significant pollutant removal difference is observed between TiO2 and TiO2 immobilized on activated carbon. At high humidity levels, the inhibition effect of water vapor is more significant compared to the presence of other pollutants, although it is still practically feasible to remove multiple pollutants under high humidity levels [62]. To further evaluate the performance for indoor air purification of a TiO2 immobilized on activated carbon (TiO2/AC) filter, Ao and Lee [63] examined it installed in a commercially available air cleaner. The authors tested it inside an environmental chamber, using NO and toluene as target pollutants. The original commercial air cleaner setting (AC + HEPA) showed no NO and little toluene removal. The TiO2 filter removed 83.2% of NO but generated 12.9% of NO2. Using TiO2/AC, the NO removal efficiency increased to 97% and the generation of NO2 decreased to 1.6%. The authors concluded that the TiO2/AC filter not only increases the pollutants removal efficiency, but also reduces the release of intermediate compounds by the system.



Sidheswaran et al. [64] demonstrated the potential environmental and energy benefits of using activated carbon fiber filters for air cleaning in HVAC (heating, ventilation and air conditioning) systems. These filters are prepared from fabric precursors and have a very high specific BET surface area, typically higher than 1000 m2 g−1 and low pressure drop, making them ideal for use in HVAC systems for VOC removal. In order to measure the removal efficiency of this activated carbon filter, the authors exposed it to a VOCs mixture of model pollutants, with concentrations in the range 20–30 ppbv (parts per billion by volume), composed of toluene, benzene, o-xylene, 1-butanol, limonene, undecane and formaldehyde at 29 °C and 30% relative humidity. The experiments showed the consistent removal (retaining) efficiencies of 70–80% for most VOCs [64].



Cheng et al. [65] evaluated the antibacterial and regenerated characteristics of a zeolite impregnated with metallic silver (Ag-Z) for removing bioaerosols (bacteria and fungi) in indoor environments, showing a 95% removal efficiency after 120 min of operation. These authors considered the 1 wt% Ag-Z to be more cost-effective, with an antibacterial efficiency near 90% in less than 60 min and an excellent repeated use performance up to nine times.



Adsorption materials can not only act as a sink for airborne pollutants, but also for excess moisture through adsorption. For example, a medium density fiberboard modified with walnut shell was investigated to regulate relative humidity, toluene, limonene, dodecane and formaldehyde [66]. A negative feature of the adsorption technology is the possibility of the deposition and development of airborne bacteria on the adsorbent surface due to the high biocompatibility of these materials [18]. Additionally, adsorption technology does not treat or destroy contaminants, but they are simply transferred from one phase to another, producing a hazardous solid waste that must be further treated and/or disposed of correctly.




2.3. UV-Photocatalytic Oxidation


UV-Photocatalytic Oxidation (PCO) is a very interesting air cleaning technology that has been the subject of much investigation in recent years. PCO is defined [33] as a light-mediated, redox reaction of gases and biological particles adsorbed on the surface of a solid pure or doped metal oxide semiconductor material or photocatalyst. The most common photocatalyst is TiO2 (titanium dioxide), while zinc oxide (ZnO), tungsten trioxide (WO3), zirconium dioxide (ZrO2), cadmium sulfide (CdS), and iron (III) (Fe(III)-doped TiO2), among others, are also used. To improve the efficiency of each elementary step, various strategies have been used to modify the physicochemical properties of nanomaterials. For example, element doping (metal or nonmetal) to induce impurity states in wide bandgap semiconductors has been used to extend the light absorption range, while plasmonic noble metal (Ag and Au) deposition is a popular way to enhance light absorption and inhibit photoinduced charge recombination. Several examples of these nanomaterials can be found in the review organized by Cao et al. [67]. The photocatalyst generates oxygen species (or reactive oxygen species) that remain surface-bound when exposed to light of particular wavelengths in the ultraviolet (UV) range. The oxygen species are highly reactive with adsorbed gases and biological particles. A variety of UV light sources can be used in PCO, including black lights (UV-A: long-wave; 400 to 315 nm), germicidal lamps (UV-C: short-wave; 280 to 200 nm), and lamps that generate ozone (vacuum UV [UV-V]: under 200 nm). Under reaction conditions allowing for deep oxidation (referred to as mineralization), carbon, hydrogen, and oxygen atoms in the reacting species will be converted completely via chemical reaction to water vapor and carbon dioxide. However, the oxidizing process can be incomplete, and origin reaction byproducts can be more toxic or harmful than the original constituents, as is the case for formaldehyde. Several studies [68,69,70] showed the generation of formaldehyde and acetaldehyde from the partial oxidation of ubiquitous VOCs such as alcohols. To minimize these problems, mixed technologies have emerged, which, for example, combine the use of PCO with filters. The combination of two techniques [71], or the development of filters with PCO properties, was found [72,73,74].



The research in this area is vast, and it would be impossible to list all the different nanomaterials developed to increase the PCO efficiency. Notably, in 2020, more than 9000 journal papers were published on the photocatalytic degradation of several pollutants [74]. Several review articles can be found [75] where an overview of the most recent studies for applications in indoor air cleaning is presented. In order to restrict the scope, this article presents some of the technologies ready (or near) to be used by consumers to clean indoor environments.



Kaushik and Dhau [71] presented a new air purifier (Molekule) that can trap pollutants and efficiently destroy harmful bio-active compounds using the photoelectrochemical oxidation (PECO) approach. The PECO technology is designed to drastically lower the atmospheric oxidation energy barrier using a specially designed catalyst coated on an air-cleaning filter. The Molekules technology is based on the synergy of nano-assisted efficient photoelectrochemical oxidation and filter membrane and have shown interesting performances. For example, for airborne viruses such as MS2 bacteriophage (a proxy virus for SARS-CoV-2, which travels in tiny droplets that can linger for hours before settling on surfaces) with 99.99% of removal in 30 min, and for formaldehyde with 81% of removal in 8 h.



Weon et al. [73] developed a new material: a TiO2 Nanotubes Photocatalyst filter for Volatile Organic Compounds Removal. This filter was applied in a Commercial Indoor Air Cleaner, achieving an average VOCs removal efficiency of 72% (in 30 min of operation) in one 8 m3 test chamber, showing promising results.



One of the most interesting applications is the incorporation of well-known and efficient photocatalytic materials into construction materials suitable for indoor applications to degrade priority air pollutants indoors and to inactivate various pathogens. Examples of such applications in confined spaces are TiO2-based paints [76,77,78], roofing tiles [79], paper sheets [80], or textiles [81]. There is also the so-called indoor passive panel technology (IPPT), which includes as typical materials modified gypsum board, acoustic ceiling tiles, ceramic tiles, wallpaper and other coatings and pre-coated products relying on either sorptive or photocatalytic oxidation (PCO) processes [82]. Shayegan et al. [83] present a review focused on the application of passive removal materials to improve indoor air quality, which have recently gained interest due to their ability to remove pollutants without additional energy consumption and lower amounts of byproducts formation. Two types of materials are the object of this review: photocatalytic oxidation-based materials and sorptive-based materials. These authors [83] concluded that further scientific evaluation is necessary to assess the application of these passive materials in the indoor environment, and to better understand their impact on the IAQ.



Maggos et al. [77] developed an innovative paint material using a Mn-doped TiO2 photocatalyst, which exhibits intense photocatalytic activity under direct and diffused visible light for the degradation of air pollutants, suitable for indoor use. A laboratory and a real scale study were performed using the above innovative photo-paint. The lab test was performed in a special design photo-reactor, while the real scale test was performed in a military’s medical building. Nitrogen Oxide (NO) and Toluene concentration was monitored between “reference” rooms (without photo paint) and “green” rooms (with photo-paint) in order to estimate the photocatalytic efficiency of the photo-paint to degrade the above pollutants. The results of the study showed a decrease of up to 60% and 16% for NO and toluene, respectively, under lab scale tests, while an improvement in air quality of up to 19% and 5% under real world conditions was achieved.



In the study of Demeester et al. [79] through TiO2 incorporation in roofing tiles, toluene was removed from air. At ambient conditions (T = 25 °C and RH = 47%) and toluene concentrations between 17 and 35 ppbv, toluene removal efficiencies between 23% and 63% were achieved. Other interesting data suggest that washing the TiO2 containing building material with deionized water and simulating rainfall could partially (by a factor 1.3) regenerate photocatalyst activity.



Dong et al. [81] showed that the combination of TiO2-loaded cotton fabrics, as wall cloth or curtains used in house rooms, produced using padding or coating methods with UV irradiation of 365 nm wavelengths can effectively eliminate gaseous ammonia in a photocatalytic reactor. The decomposition efficiency of ammonia was much affected by the dosage of TiO2 aqueous dispersion, initial ammonia concentration, relative humidity and gas flow rate.



Zuraimi et al. [82] evaluated the performance of 3 photocatalytic oxidation (PCO)-based materials in controlled test chamber experiments with toluene, in order to determine removal rates, and ozone and carbonyl by-product formations. Toluene removal was found to be dependent on the type of light used. Only two PCO IPPTs are capable of performing under visible light. All PCO-based IPPTs generate ozone and carbonyls as byproducts, releasing up to 1.0 mg/h and 3.2 mg/h of ozone and formaldehyde, respectively. This is a concern, as exposures to ozone and formaldehyde are known to be associated with negative health outcomes.



From the exposed, it can be concluded that PCO is a promising cleaning technology, but studies show that there are aspects that need to be addressed before UV-photocatalytic oxidation can be used safely in buildings. The design of a photocatalytic air purification system is complex, and it is dependent on a wide variety of factors, including the intensity of the light falling on the catalyst, chemical makeup and pollutants concentration, the air flow rate through the device, moisture levels in the air, properties of the specific catalyst used, pollutant residence time, and how the device itself is configured [71].



However, the technology has several advantages:




	(1)

	
Use of solar light, a sustainable resource that is of major significance from the perspective of energy conservation and environmental remediation;




	(2)

	
Quick reaction rate and low energy consumption of heterogeneous photocatalytic oxidation;




	(3)

	
Relatively low pressure drop;




	(4)

	
Ability to treat a wide variety of compounds;




	(5)

	
Theoretically long-life cycle of reactive process (self-cleaning or regenerating feature of the photocatalyst).









The main disadvantage is the incomplete oxidation, which produces reaction byproducts that can be more toxic or harmful than the original constituents (e.g., formaldehyde). The catalysts can also be contaminated (poisoned) by airborne reagents and/or products of oxidation, which results in reduced or total efficiency failure of the process. In the cases where a lamp us utilized instead of solar light, the list of disadvantages includes the lamp energy consumption, lamp replacement costs, and the likelihood of ozone generation depending on the lamp source employed (e.g., UV-V lamps ~185 nm produces ozone) [33].




2.4. UV Light Technology-Based Disinfection Systems


As shown in Figure 2, there are four types of ultraviolet (UV) radiation, defined according to their wavelength range in nm: vacuum UV (100–200), UVC (200–280), UVB (280–320) and UVA (320–400). Although all UV wavelengths are described to cause some photochemical effects, wavelengths within the UVC or UVGI range, specifically at 253.7 nm, are particularly harmful to cells, because it is absorbed by proteins, RNA and DNA. This process induces molecular breaks of the simple covalent bonds C, H, O and N of the nucleotide chain, resulting in irreversible molecular damage that leads to the inactivation of all types of microorganisms [84,85,86].



During the last century, several authors have studied the disinfection properties of ultraviolet (UVGI) light, at a first stage for water disinfection and, afterwards, for both air and surface disinfection purposes. In addition, throughout the years, efforts have been devoted to identify the configuration of an UVGI system that is most effective for each type of building ventilation system, as well as to disclose data on the effectiveness of UV in decreasing levels of microorganisms in indoor air and, consequently, the risk of developing health problems, such as respiratory infections and allergies [87,88,89,90]. The best-known application of UVGI disinfection in air is in buildings belonging to the healthcare sector [91,92,93,94]. However, a growing number of studies have provided robust evidence on the effectiveness of this air cleaning technology in several indoor environments, including offices, commercial areas, schools and universities [90,95,96]. For instance, although UVC systems have been used to disinfect hospital environments since 1936 [97], this approach was only formally recognized as being effective against airborne bio-pollutants by official authorities at the Center for Disease Control and Prevention (CDC) in 2003 [98]. Since then, UV light-based systems have been recommended by the CDC (2003) as an adjunct to routine chemical cleaning, as traditional cleaning and disinfection protocols can be insufficient for insuring proper disinfection in some contaminated areas [99]. Recently, ASHRAE and EPA recognized the importance of employing air cleaning solutions that include both filtration and UVC-based systems to prevent the spread of infectious diseases in indoor environments [100,101].



Air disinfection can be performed using UVC in several modalities, including irradiation in forced air or stand-alone systems, upper room, irradiation of an entire room (when the room is empty) and irradiation of the air circulating through a heating, ventilation, and air conditioning (HVAC) system, both in-duct and in the coils [100]. From the existing studies aiming at investigating the effectiveness of the use of UVGI for air treatment, it was particularly demonstrated that the use of in-duct in central ventilation systems, as well as upper-room and stand-alone systems, results in an effective reduction in the levels of microorganisms and endotoxins [90,101,102,103,104,105,106,107]. UVC systems in ducts are known to be cheaper and demand a lower energy consumption, as they are able to disinfect air and surfaces, while upper and stand-alone room devices only disinfect air [108].



Building ventilation systems are typically designed taking into consideration comfort needs. Even when ventilation systems are reconditioned to incorporate UV lamps there may be limitations related to air distribution and the removal of polluted air at the source [109]. Thus, based on the evidence, mainly for the indoor spaces with special needs of disinfection (e.g., hospitals) it is preferable to consider, in addition to filters, an UV disinfection technology, at an early stage of designing the ventilation system to serve the building. A very important criteria related to the choice/designing of the system to be installed is the type of lamp(s) to employ. Typically, low pressure (LP) mercury lamps, which radiate 95% of their energy at the wavelength 253.7 nm and are “monochromatic”; are described to have greater germicidal power than medium pressure (MP) polychromatic lamps, Xenon or UV LED [84]. The radiant energy flow of the systems should be determined, since systems, especially in ducts and stand-alone modalities, must be coated with material of high UV reflectance such as aluminum (not plastic) to reduce the number and size of lamps needed to be installed. Nevertheless, these conditions are difficult to standardize, given the geometry of the ducts and the eventual deterioration of reflectivity when internal surfaces are exposed to an airflow that carries can include variable levels of moisture and particles. This is why it is necessary to install lamps with a high UVC, preferably up to 30% of the rated power (e.g., Sanuvox technologies SL), as well as to correctly calculate and size each HVAC duct system, stand-alone, upper-room considering airflow, humidity, temperature, sizes, materials. In 1954, Harstad et al. [110] demonstrated that despite the installation of UV light in the air conditioner, there could still be airborne pollution from the growth of microorganisms in air conditioner components such as filters, cooling coils and duct surfaces [110]. In fact, one of the most widespread applications are UVC systems in cold batteries to destroy fungi, bacteria and endotoxins, avoiding their proliferation in the HVAC systems, achieving energy savings (average of 5–15%) and improving the efficiency of cooling transfer by reducing static pressure through the coil [90,108].



Each organism has a different sensitivity to UVGI light. Kowalski [84] and Malayeri [111] are some of the researchers who have collected data from several studies on the dose of UV needed to achieve the inactivation of bacteria, fungus, virus, protozoan and microalgae in vegetative forms and spores. Bedford [112] and Gates [113,114] were among the first to establish the UV doses needed for bacterial disinfection. Fulton and Coblentz [115] reported the UV doses for fungal inactivation, while data on the respective doses for viruses removal were first published by Rivers and Gates [116]. It is important to know the target pathogens to calculate the optimal UV dose based on their susceptibility constants, named K or z-value. This susceptibility, z-value, of each microorganism varies according to factors such as the pathogen biological structure, the conditions of environmental exposure and the distribution of the particles size, among others [84,105,117]. In fact, some environmental factors can influence the effectiveness of UV microbial inactivation. In this regard, there is evidence showing that airborne bacteria become more resistant to UV rays as relative humidity increases [84,105,117]. In addition, the use of an increased airflow rate passing through the UV system can result in a lower effectiveness of UV disinfection because microorganisms are exposed to UV rays for less time [84,105,106,118]. A low or a very high airflow temperature is also described to negatively affect the UV output, UV disinfection efficiency and susceptibility constants of microorganisms [84,105,106,117,118].



In addition to the selection of proper design, another aspect of utmost importance to consider is to ensure the proper sizing and operation of the systems. In fact, since the irradiance of the UV dose decreases with distance, to reach the same z-value, it can be necessary to operate the system with more time, in order to ensure effective disinfection [93]. Regarding the maintenance of the UV-based system, it is crucial to consider the nominal output potential of UVC lamps, which decreases over time. UVC lamps are classified into effective hours of UVC emission, and not at the end of the hours of electrical life. Many UVC lamps are designed to emit intensity levels at the end of their service life that are 50 to 85% or more than that measured in initial operation (after 100 h of burning time), although current models continue to emit blue visible light. Specification data from lamp manufacturers can verify depreciation over the useful life [119], the better the longer the lamp life, and the cost of spare parts and maintenance will be reduced (e.g., Sanuvox technologies SL lamps have a useful life of 17.000 h).



Importantly, in order to avoid any collateral health risks to the occupants, the potential release of toxic byproducts (such as ozone) by all kinds of UV systems should be carefully controlled. The devices must be tested by the manufacturer (and preferentially also by an independent third party laboratory) to ensure that the ozone concentration generated during operation respects the recommended maximum limits [100]. Another aspect to keep in mind is that there are limit values established for exposure to UVC light that cannot be exceeded. For systems that are closed (e.g., in ducts, cleaning of surface coils, autonomous systems), it is important to include a security system for opening doors that interrupts the operation of the lamps. In the case of upper room systems, these should be placed to an adequate distance from the ground that does not endanger people, because direct UVC light can induce damages to the eyes and skin [84,100,109].




2.5. Ionization


Bipolar ionization is generated when an alternating voltage (AC) source is applied to a special tube with two electrodes. This phenomenon can occur in nature, especially in mountain areas and waterfalls, where the production of positive and negative ions are reported to purify the air [120]. In the process of ionization, a neutral atom is given a positive/negative charge through the removal/addition of an electron, respectively. In bipolar ionization, positive (H+) and negative (O2−) ions are generated when water molecules are exposed to high-voltage electrodes. Although the mechanism associated with the biocidal effect of positive and negative ions have not been yet clearly established, the purposed mechanism involves the clustering of these ions around micro-organisms, resulting in the formation of OH radicals, which remove hydrogen, leading to the production of water vapor and to microbial inactivation [121]. Air ionization-based devices include those that generate only negative ions (i.e., unipolar ionizers) and those that generate positive and negative ions (i.e., bipolar ionizers). Bipolar ionization technologies, especially Corona Discharge and Needlepoint (NBPI), generally produce the same types of ions, which have the same theoretical mechanism of action when it comes to fighting pathogens, VOCs, and particles. However, a shared mechanism of action between the various air ionization technologies is not necessarily indicative of a shared method of ion creation [96]. Bipolar ionization technology has been around for decades, but the limited number of peer-reviewed studies in this topic makes it difficult to accurately support the effectiveness of this technology for air and surface disinfection purposes. Nevertheless, a growing body of recent evidence has presented the potential of using air ionization to decrease bacterial deposition on surfaces [122,123], inactivate airborne bacteria, viruses, and fungi [107,123,124,125] and to remove airborne particles and VOCs, being more effective when used in long-term applications [123,126].



Air ionization modules are often fitted directly into central air handling units to treat entire airflows. Modules can also be fitted into existing ductwork immediately downstream of central HVAC systems. Freestanding devices can also be placed into individual room spaces to meet immediate demands from internal sources. It is common to employ air ionization along with other technologies, such as air filtration [127], and some reports suggest that the efficiency of filtration increases when the ionizer is running [125]. Because the ions have a short service life of milliseconds, the distance from the ion generating equipment and the area to be treated must be estimated [127]. There are authors that recommend that the system should be installed vertically and deployed near both the inlet and return outlet for ensuring a better inactivation efficacy against airborne bacteria, especially in hospitals [128].



Since it has been seen that these systems can produce high levels of ozone and other organic compounds, similarly to UV-based systems, an aspect to consider is that the systems to be installed must have the certificate that accredits the non-generation of ozone [129]. In this regard, it has been described that when the energy potential produced through the ionization process is limited to 12 eV or less, ozone will not be produced because the oxygen has an ionization energy of 12.07 eV [120].



Some of the great advantages of NBPI systems are the elimination of VOCs, particles, odors and pathogens with reduced energy consumption and very low maintenance costs [123]. The main disadvantage is that while there is some evidence showing the efficacy of some of these approaches, the literature is still too scarce to draw robust conclusions- Thus, it is necessary to carry out more studies considering the implementation of air ionization-based technologies in real life situations and not only in controlled environments. Likewise, further work is needed to explore the potential capabilities that this technology has in combination with other systems to improve indoor air quality and reduce risks to human health.





3. Biological Technologies


3.1. Plant Purification Methods


Indoor greenery provides several benefits such as producing oxygen, generating humidity, pleasant aesthetical integration, passive acoustic insulation system [130], positive psychological effect on task performance, health, level of stress and comfort [131]. Besides that, the potential of plants for purifying and remediating the indoor atmospheric environment has long been identified (e.g., Wolverton [28]). Nevertheless, in the last twenty years, there has been a rising trend of more in-depth research on air purification mechanisms, technological solutions and methods [7,132,133]. Recently, in the context of the COVID-19 pandemic, the role of indoor plants in air purification and human health was looked at closely and considered as an alternative solution that could be used to reduce the viability of SARS-CoV-2 [134,135].



The purification methods mostly rely on phytoremediation, which is characterized by the use of plants to remove pollutants, or in this case from air, since it can be applied to water and soil, being based on a plant’s ability to absorb, catabolize and degrade airborne pollutants, associated with their metabolic activities [130,132,133,136]. Regarding the plant microbiome, both the endobacteria and phyllobacteria may have an influence on the removal process to different extents, having in consideration the type of pollutant.



Interest associated with phytoremediation is high since it is considered an approach with low implementation cost and maintenance, compared with other technologies [137]. Moya et al. [130] provide a detailed description of the phytoremediation techniques. Additionally, Teiri et al. [138] revised different phytoremediation methods and the critical factors for the purification of indoor air, concluding that plants are able to efficiently remove different harmful contaminants from indoor air, including VOCs. This can be achieved through passive filtration using potted plants, or through active filtration using plant filters or green walls.



In general terms, active vegetation systems (in combination with mechanical systems) and passive vegetation systems (without additional energy requirements) can be considered for the present purpose [130,133]. Active systems increase the availability of polluting gases through the incorporation of mechanical ventilation devices; being associated with higher air-cleaning rates than passive systems. The passive ones are dependent on the diffusion of polluting gases, characterized by slower operation and lower concentrations [7].



Indoor plants are generally considered small shrubs and herbs that fit into the selected greenery system [132]. Plants used for indoor air phytoremediation are, in general, ornamental and limited to a small number of model species [133]. Following the recent review by Prigioniero et al. [133], the most widely considered species for this purpose is Chlorophytum comosum (Thunb.) Jacques, although other species are mentioned in the literature, often related with the type of pollutant to be removed [132,136,139]. An extensive list of indoor plants and their pollutant removal efficiency are mentioned in the literature [131,136]. Pollutant removal is plant specific and each part of the plant has different removal potential [131].



When using plant-based systems to promote indoor air quality, it is also important to consider the pollen load and allergenicity potential, such as flowering plants with strong fragrances [132]. Nevertheless, the main source of indoor pollen and fungi spores typically come from outdoors [140]. Plants also emit compounds, some of which are biologically active [141]. For example, plant volatile organic compounds (VOCs) are important in the ecosystem for chemical information transfer [132]. Gas exchange intensity and extent vary from night to day, and also depends on several factors such as temperature, humidity, light intensity, photosynthetic system, carbon dioxide concentration, and concentration of air pollutants [137,141].



The use of potted plants to promote air purification has been studied for a long time [28]. Although considered a passive approach, it has been investigated for the removal of harmful pollutants such NO2, with promising results, for example with a combination of species Spathip-hyllum wallisii “Verdi”, Dracaena fragrans “Golden Coast” and Zamioculcas zamiifoli [142]. Jung and Awad [143] demonstrated that indoor plants can improve the IAQ in University classrooms, showing that the increase in CO2 concentration in classrooms with plant placement was lower (624 ppm) compared with the case without plant placement (about 1205 ppm). Later, Dela Cruz et al. [144] reviewed the use of potted plants to remove VOCs from indoor air, including the removal mechanisms and the relationship between plant, soil, and associated microorganisms. The literature mentions other pollutants, such formaldehyde and particulate matter, that are also affected by potted plants [132]. The extent of cleaning efficiency by plants can be increased by increasing the number of plants [145]. However, it is not possible to accurately estimate the number and size of plants needed to effectively purify indoor air. This is because different plant species have differences in photosynthesis, such as different optimal light intensity levels; some species grow slowly and others faster. Additionally, the type of plant and pollutant affects the phytoremediation efficiency. Moreover, the type of soil used for the plants to grow is another important factor, demonstrated in a study [138] using as a mixture of coco coir and activated carbon (for adsorption) as growing media. This significantly increased the VOCs removal efficiency (p-value > 0.05). Additionally, there is a lack of information concerning most contaminants in indoor air, thus it is very important to determine the concentration of indoor air pollutants.



Another challenge when using plants is the quantity needed to effectively improve the indoor air quality, which is not always practical in housing and/or offices with reduced areas. Thus, instead of using potted plants, several studies [146,147] suggested the use of “green walls” or “biowalls” with different plant species, which can simultaneously remove a mixture of different contaminants with less space requirement.



Biowalls are considered plant-based systems that mainly act to enhance the atmosphere and indoor environment and can be classified as living walls, vertical gardens or green facades, depending on their characteristics (type of plants and structural system) [148]. Figure 3 shows an example of a modular living wall system with planter boxes, implemented in an office building (Porto Office Park, Porto-Portugal). Figure 4 shows an example of a continuous system living wall with felt pockets, implemented in a Portuguese shopping center (Norteshopping, Matosinhos-Portugal).



Irga et al. [136] highlighted the importance of the technological advancements related to active botanical biofilters or functional green walls, which are becoming increasingly efficient and a rapidly growing field of research interest.



Several plant-based systems have emerged to support the improved indoor environment, such as the biofiltration system, where air is drawn through organic material (such as moss, soil and plants), resulting in the removal of organic gases and contaminants involving a mechanical system [130], and the nature-based air filtering system, which was installed at a students’ residence, replacing an existing window with a mini-greenhouse, containing upwards of 30 plants connected to an air circuit to treat the indoor air [149]. The combination of systems can often boost and optimize the air purification effect, such as the combination of living wall systems with biofiltration. They are thus emerging technologies providing beneficial effects on the improvement of indoor comfort [130].



The main recommendations associated with vegetation systems for indoor air quality promotion comprise a detailed selection of plant species, growth medium, irrigation systems, adequate light setting and abiotic conditions (e.g., temperature and humidity). The main research gaps center on the need for phytoremediation operational systems, which are important when considering a wider range of pollutants and plant organisms for indoor purposes [133]. Since the process performance depends on the interactions between pollutant, plant and microorganisms [130], it would be relevant to develop tools to support indoor air phytoremediation in order to further expand its use and allow a wider array of applications. For example, Thomas et al. [150] developed a mathematical model that takes into account the amount of plant material, building air volume, VOC concentrations and air exchange. More tools are needed to allow continuous and long-term monitoring of these systems performance.




3.2. Microalgae-Based Air Purification Systems


Microalgae are prokaryotic or eukaryotic microorganisms with a unicellular or simple multicellular structure. They are among the most efficient photosynthetic organisms on earth, with high biomass productivity and relatively low nutrient requirements, accumulating metabolites with several applications. They can live in harsh conditions, in seawater or freshwater, and multiply exponentially under favorable environments [151].



Microalgae for carbon capture via photosynthesis has gained increasing attention from the scientific community due to their ability to capture CO2 and other pollutants, which they use to grow while producing O2. In particular, microalgae are among the most efficient photosynthetic organisms, with high biomass productivity and relatively low nutrient requirements. They accumulate metabolites (e.g., pigments, fatty acids, etc.) with important biotechnological applications [152,153]. The biomass can be converted into chemicals and/or biofuels (e.g., biohydrogen, biodiesel, bioethanol, biobutanol, biomethanol and other biohydrocarbons), thus generating environmental and economic value [151,154] (Figure 5).



The CO2 bio-fixation by microalgae is a complex physicochemical process. Microalgae can tolerate up to a certain level of CO2, after which it becomes detrimental to cell growth. This is due to the lowering of the medium pH, and to the environmental stress caused by higher CO2 levels, reducing the cells’ ability to fix more carbon. In an aqueous environment, inorganic carbon is available in different chemical forms, such as CO2, H2CO3, CO32− and HCO3−. Depending on the species and on the physicochemical and hydrodynamic conditions, microalgae can biofix around 1.875 g of CO2 per gram of biomass, [155]. Nonetheless, microalgae harvesting is still an energy intensive process due to the low cell density in the culture medium, typically in the range of 0.3–0.5 g/L, with exceptional cases reaching 5 g/L [156].



With the world’s rapid urbanization and demand for renewable energy sources, a recent focus on the potential of microalgae is to contribute to the development of green cities and build a more sustainable future [157]. In particular, microalgae systems can be implemented as nature-based solutions to improve indoor air quality, along with other benefits [7], in alignment with the United Nations Sustainable development Goals (UN SDG) [158]. Moreover, their implementation will promote good health and well-being (Goal 3) and sustainable cities and communities (Goal 11), contributing to the European Commission’s plans of Building a Green Infrastructure for Europe [159], allowing for thermal regulation and new architectural features [160]. Recommendations for sustainable urban planning include the implementation and, subsequently, the increase in urban greenery [148] as part of an urban renewal and rehabilitation strategy towards smarter and more sustainable development, and responding to global demands such as mitigation and adaptation to climate change [161].



With regard to the construction and architecture sectors, it is very common to find buildings with integrated photovoltaic energy. Despite the potential of microalgae biomass in the generation of renewable energy, its integration in buildings is still quite modest and at an early stage. In particular, microalgae have a great ability to biofix CO2, produce O2, treat wastewater, and produce biomass that can be used for bioenergy and bioproducts. The few examples of microalgae implementation in buildings and architectural design have demonstrated their significant contribution to energy efficiency, but they have never been tested for indoor air purification [7,162]. Recent studies have highlighted the potential of microalgae for indoor air purification, for example:




	
Barati et al. [163] studied the influence of tobacco smoke on the cell growth, biodiesel characteristics and biochemical composition of two microalgae strains of Chlamydomonas. Upon exposure of this microalga to tobacco smoke, the specific growth rate (μmax) was unaffected in one of the strains, remaining around 0.500 days−1, whereas in the other strain, the specific growth rate and the lipid content notably decreased from, respectively, 0.445 to 0.376 days−1 and from 15.55 to 13.37% DW (dry weight percentage) upon exposure to tobacco smoke. Therefore, the impact of smoke is strain dependent, thus making a prior selection of the candidate microalgae necessary.



	
Yewale et al. [164] proposed a natural biological filter “Biosmotrap” to capture air pollutants made of a natural sponge gourd fiber support, impregnated with dry microalgae biomass. The results showed that the filter removed 60–80% of indoor pollutants from cigarette smoke and incense smoke.



	
Lu et al. [165] studied the utilization of a microalgae-based air purifier for the removal of fine particles (PM2.5) in indoor air and oxygen production. The microalgae air purifier technology consists of a replaceable film (a cotton canvas) with a high density of microalgae attached (40.1 g m−2 of microalgae biomass dry weight), assessed during a 5-day usage. Chlorella pyrenoidosa is the microalgae species selected for this air purifier, isolated from a microbial consortium collected at a local lakeside (Nanchang, China). The innovative aspects of this microalgae air purifier are the high cell density microalgae film (instead of a large volume of liquid microalgae medium), reducing the energy consumption for maintaining the microalgae medium, easy film replacement by users, and the simultaneous removal of fine PM and O2 production. The results showed that although the microalgae-based air purifier performed well for the intended purpose, the decrease in O2 productivity (to less than 30 mg h−1) and of the PM2.5 removal efficiency (a 60% decrease) in a very short usage period (1 day) is a technical barrier to its utilization. Thus, further development is required for the correct operation of this air purifier, in particular for better control of the moisture content and pH value.



	
Thawechai et al. [166] studied the oleaginous microalgae Nannochloropsis sp. as a potential strain for CO2 mitigation into lipids and pigments, analyzing the synergistic effects of light intensity and photoperiod. The authors obtained a 0.850 ± 0.16 g L−1 with a lipid content of 44.7 ± 1.2%. The CO2 fixation rate was 0.729 ± 0.04 g L−1 d−1. The fatty acids were mainly C16–C18, indicating its potential use as biodiesel feedstock.








In buildings, microalgae can be cultivated in closed photobioreactors (PBRs) of different shapes (e.g., flat panels, multi-tubular, etc.) and dimensions that can act as dynamic shading devices (Figure 6). Depending on the density of microalgae biomass inside the PBRs, and the amount of sunlight absorbed by cells, various shading levels can be provided. On the other hand, the biomass density depends on the microalgae species, their growth cycle, the available carbon dioxide and sunlight, temperature of the culture medium, and frequency of biomass harvesting, among other factors. However, these conditions can be adjusted to the needs of the building’s users.





4. Conclusions and Future Trends


Indoor air quality has gained a new focus with the emergence of COVID-19. Ventilation is perhaps the most used strategy to decrease the concentration levels of indoor air pollutants. However, if outdoor air is more polluted, or in certain situations where ventilation is not possible, other strategies need to be applied, such as source control and pollutants extraction. The latter incorporates air cleaning technologies, one of the emergent areas on IAQ. Various air treatment technologies can be used to control contaminants, which are reviewed and discussed in this work and include physicochemical technologies (e.g., filtration, adsorption, UV-photocatalytic oxidation, ultraviolet disinfection and ionization) and biological technologies (e.g., plant purification methods and microalgae-based methods).



It is consensual that filters can efficiently remove particles but are not effective for organic and inorganic chemical pollutants. A solution seems to be a combination of particulate filter and other systems, or the development of filters with other properties, such as chemisorption. Nanofibers can be modified with nanomaterials to form effective adsorbent materials that can efficiently adsorb the different VOCs. With the advent of nanotechnology, there is enormous research potential in this area.



On the other hand, we have adsorption capable of capturing both volatile organic compounds and inorganic pollutants. Adsorbents can be easily incorporated into building materials and/or integrated into interior surfaces to remove air pollutants with no additional energy input and minimal byproduct formation; for this reason, they are classified as passive removal materials (PRMs). A negative aspect of the adsorption technology is the possibility of the development of airborne bacteria on the adsorbent surface due to the high biocompatibility of these materials. Additionally, adsorption technology produces a hazardous solid waste that must be further treated and/or disposed of correctly.



UV-Photocatalytic Oxidation (PCO) is a promising cleaning technology, ranging from organic to inorganic compounds, as well as microorganisms, but studies show that there are aspects that need to be addressed before UV-photocatalytic oxidation can be used safely in buildings. The design of a photocatalytic air purification system is complex and is dependent on a wide variety of factors, including intensity of the light falling on the catalyst, chemical makeup and concentration of pollutants, the air flow rate through the device, moisture levels in the air, properties of the specific catalyst used, pollutant residence time, and how the device itself is configured. The main disadvantage is the incomplete oxidation, which produces reaction byproducts that can be more toxic or harmful than the original constituents (e.g., formaldehyde).



Ultraviolet light is used mainly for disinfecting air in buildings belonging to the healthcare sector, focusing on microorganisms such as bacteria, virus, fungi, etc. However, a growing number of studies has provided robust evidence on the effectiveness of this air cleaning technology in several indoor environments, including offices, commercial areas, schools, and universities. Currently, ASHRAE and EPA also recognize the importance of employing air cleaning solutions that include both filtration and UVC-based systems to prevent the spread of infectious diseases in indoor environments. Importantly, in order to avoid any collateral risks to the health of occupant, the potential release of toxicant byproducts (as ozone) by all kinds of UV systems should be carefully controlled. Another aspect to keep in mind is that there are limited values established for exposure to UVC light that cannot be exceeded, and direct exposition should be avoided as direct UVC light can damage to the eyes and skin.



Air ionization-based technologies show potential, as there is some evidence showing their efficacy to improve IAQ, but the literature is still too scarce to draw robust conclusions. Nevertheless, a growing body of recent evidence has presented the potential of using air ionization to decrease bacterial deposition on surfaces, inactivate airborne bacteria, viruses, and fungi and to remove airborne particles and VOCs, being more effective when used in long-term applications. Similarly, to UV-based systems, these systems can produce high levels of ozone and other organic compounds, which requires surveillance.



Phytoremediation is characterized by the use of plants to remove pollutants, in this case from air. Interest associated with phytoremediation is high since it is considered an approach with low implementation cost and maintenance, compared with other technologies Different studies on the purification of indoor air have concluded that plants are able to efficiently remove different harmful contaminants from indoor air, including VOCs. This can be achieved through passive filtration using potted plants, or through active filtration using plant filters or green walls. When using plant-based systems to promote indoor air quality, it is also important to consider the pollen load and allergenicity potential, such as flowering plants with strong fragrances. Plants also emit compounds, some of which are biologically active. The main research gaps focus on the needs of phytoremediation operational systems, making it important to consider a wider range of pollutants and plant organisms for indoor purposes.



Microalgae have a great ability to biofix CO2, produce O2, treat wastewater, and produce biomass, which can be used for bioenergy and bioproducts. The few examples of microalgae implementation in buildings and architectural design have demonstrated their significant contribution to energy efficiency, but they have never been tested for indoor air purification in real situations. However, from the studies performed in lab, it seems to be a promising technology.



To conclude, all the technologies presented show advantages and limitations. One of the common problems is the emission of other pollutants, different and sometimes more dangerous to human health than those they were initially intended to remove. Another aspect is the limited type of pollutants removed. The solution seems be the use of combined technologies to extend the scope and of course the development of new materials, using nanotechnology. From this review, one conclusion can be taken: there is still a need for more research in order to consolidate the existing technologies and assure their safety for use in indoor spaces.



Furthermore, the current reality has shown the importance of good indoor air quality. Thus, these new technologies can contribute to its improvement, despite all their limitations. It is essential that people acknowledge the importance of clean air as equally as pure water. It will be necessary to define minimum parameters for the classification of good IAQ. Additionally, it would be important to see a generalization of IAQ audits, which would enhance source control and ventilation, the main vectors to ensure good IAQ.
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Figure 1. Common sources and pollutants in indoor air and some possible technologies to mitigate them (authors’ own creation). 
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Figure 2. Electromagnetic spectrum including the types of UV radiation and the peak of UVGI higher effectiveness (254 nm). Adapted by Atmosfree with permission from Kowalski [84]. 
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Figure 3. Modular system living wall with planter boxes in an office building (Porto Office Park, Porto-Portugal). Credits: Cristina Calheiros. 
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Figure 4. Continuous living wall system with felt pockets in a shopping center (Norteshopping, Matosinhos-Portugal). Credits: Cristina Calheiros. 
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Figure 5. Microalgae as CO2 biofixers, O2 producers, and potential applications of microalgae biomass (adapted with permission from Mata et al. [7]). 
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Figure 6. Example of integration of microalgae PBRs and plants in buildings (authors’ own creation). 
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